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Abstract: Solid State Transformers (SST) may become, in the near future, key technological enablers
for decentralized energy supply systems. They have the potential to unleash new technologies
and operation strategies of microgrids and prosumers to move faster towards a low carbon-based
economy. This work proposes a paradigm change in the hierarchically and distributed operated
power systems where SSTs are used to asynchronously connect the many small low voltage (LV)
distribution networks, such as clusters of prosumers or LV microgrids, to the bulk power system.
The need for asynchronously coupled microgrids requires a design that allows the LV system to
operate independently from the bulk grid and to rely on its own control systems. The purpose of this
new approach is to achieve immune and resilient by design configurations that allow maximizing the
integration of Local Renewable Energy Resources (L-RES). The paper analyses from the stability point
of view, through simplified numerical simulations, the way in which SST-interconnected microgrids
can become immune to disturbances that occur in the bulk power system and how sudden changes
in the microgrid can damp out at the Point of Common Coupling (PCC), thus achieving better
reliability and predictability in both systems and enabling strong and healthy distributed energy
storage systems (DESSs). Moreover, it is shown that in a fully inverter-based microgrid there is
no need for mechanical or synthetic inertia to stabilize the microgrid during power unbalances.
This happens because the electrostatic energy stored in the capacitors connected behind the SST
inverter can be used for a brief time interval, until automation is activated to address the power
unbalance for a longer term.

Keywords: microgrid; microgrid by design; energy community; net metering; prosumer; regulation;
resilience; immunity; Solid State Transformer; electrostatic-driven inertia

1. Introduction

Background

Today the power systems operate under the paradigm of bulk networks, synchronously
interconnected over wide areas (e.g., the continental zone of ENTSO-E), where a disturbance that
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occurs at the highest voltage level can be experienced down to the low voltage level. In the 20th century,
the electricity sector was driven by the expansion of long-distance transmission lines to allow power
transmission from large power plants to any remote consumer. Under these conditions, wide area
stability and control became the necessary coordination strategy in ensuring the quality of the electrical
energy supplied to the customers [1]. With the advent of power electronics and IT&C technologies,
the supply of electrical energy can be seen as a service [2], and the reliable operation of the grid is
mandatory in ensuring the quality.

The microgrid concept was developed, similar to other smart grid concepts, as a solution for
power system decentralization designed to enhance the controllability within local communities and
to mitigate the technical problems that affect the synchronously interconnected power systems [3,4].
Microgrids are decentralized energy supply systems that could form the cells of a smart, adaptive
and resilient power grid of the future [5]. Furthermore, microgrids are recognized as innovative
environments able to maximize the integration of Local Renewable Energy Resources (L-RES) [6].
Their role is motivated by more and more stringent challenges on a global scale: climate change,
economies in need for higher efficiency, resilience, sustainability of energy policies and capacity to
mitigate disturbances in the energy supply [7]. However, the unpredictability of the power generation
from RES is a barrier in advancing towards 100% clean energy [8], along with other aspects, such as
reduced or no inertia, which is a consequence of higher share of power electronic converters mediated
energy transfer (and less rotating generators) [9]. Moreover, there is also an increased need for
addressing the power system resilience following the increasing frequency of occurrence of the natural
or man-induced extreme phenomena [10]. In fact, resilience is one of the characteristics recognized
as an essential value of the future energy grids [11] and the mission orientated goal for Europe is
formulated as “A secure, efficient and digitalized European energy system, fully decarbonized by 2050,
coupling all energy sectors.” [12].

In line with this latter challenge, DC medium and low voltage power distribution systems are also
on the verge of research and development interests from both academia [13,14] and global industry
players, such as Mitsubishi Electric or Siemens [15,16]. For instance, the distribution system operator
from Finland carried out a feasibility study that concluded that low voltage DC (LVDC) electrical
lines with lengths up to 8 km long can replace the existing AC infrastructure, with several advantages,
among which, to increase the power transfer capacity up to 20% [17]. Other specialists concluded
also that replacing medium voltage (MV) AC lines with DC lines can result in significant investment
savings because of fewer induction transformers needed in the distribution grid [18]. Such vision is
also a strong reason for deploying SSTs in future grid configurations, because they could easily allow
access to a DC link.

A bottom-up development into an adaptive and resilient power system architecture implies a
wide spread of low-voltage microgrids. A set of emerging technologies allows the implementation of
multiple low-voltage microgrids, connected asynchronously with the main grid through SSTs. These
technologies envisage distributed energy resources, especially renewables, and are derived from more
recent trends in large adoption of storage (especially electrochemical type), while the core component
for a seamless integration with the main grids is the solid-state transformer [19].

SST technology has been enabled by the advancements in power electronics. Power electronics
got relevant importance in the energy domain especially for high voltage, when first High Voltage
Direct Current (HVDC) lines were constructed, and Flexible Alternating Current Transmission Systems
(FACTS) applications proved to be also needed especially in long distance power systems [20,21].
The development of renewables and lately of electrical vehicles brought the economy of scale and new
technologies, such as Silicon Carbide (SIC) switching devices, thus enabling the integration of low cost
and high-quality devices in their designs [22].

For more information about SST technologies and power electronics possible configurations the
reader may consult [23] and a comprehensive state of the art literature review from [24].
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Even if the SST technology is not yet on the market, recent projects report on SST being
demonstrated in pre-commercial stages, which can advocate that the SSTs need only a final push
to arrive on the market. In this respect, proven SST prototypes are already reported in the project
“The Highly Efficient and Reliable Smart Transformer, a new Heart for the Electric Distribution System”
(HEART) for smart grid applications developed by Kiel and Aalborg Universities [25], in ETH Zurich,
application of SSTs is targeting locomotives and fast charging for electrical transportation [26], or from
North Carolina State University [27] where the first target already achieved is fast charging and direct
connection to (MV) networks. Furthermore, SST efficiencies of 97% and 98% are already reported
in References [26,27], while in Reference [26] the SIC technology is particularly mentioned as one
of the reasons for improvement. New enablers are a prerequisite for new paradigms. Some of the
most important are indeed decentralized deployments of RES and distributed storage clustered in
microgrids configurations. However, none of these works investigate an architecture where the SST
could play a crucial role in providing stability for low inertia microgrids. They are rather application
specific, either on traction systems or on fast charging capabilities.

Although the L-RES can contribute to supply the load during some time periods, one major
drawback of RES is the intermittent behavior which requires additional solutions. This problem has
been addressed until now through wide area balancing solutions [28].

The problem of matching the local generation and load are about to be solved, as the new
storage technologies, especially based on Li-Ion batteries, are gaining momentum and the prices are
in continuous decline [29]. The 129 MWh battery recently commissioned in Australia [30] and the
plans for large new storage facilities in Hawaii [31] are only some of the many examples of battery
applications used today at large scale.

In the case of microgrids, however, a usual approach for an islanded operation mode is possible
only after disconnection from the main grid, which inevitably implies a short period of interruption,
which can take a period from seconds to minutes. This is because the energy sources in microgrids are
connected with anti-islanding protections required by the actual grid codes [32]. Also, it is because the
inverter-based sources are designed to operate in a “grid following” mode, which means that they
can be synchronized to the grid only if the frequency and its voltage are provided by an external part,
which normally is the bulk grid.

The possibility of mitigating on short to medium term a match between production and
consumption during the post-disconnection moment (when starting to work in islanding operation
mode) are discussed in recent works [33]. In this case, the under investigation micro-grid was
considering a diesel generator as a master in order to keep the stability of the microgrid while the
photovoltaic (PV) and storage was in a grid or generator follower mode. However, in full inverter-based
networks able to commute to island mode is not yet fully considered for most of today’s microgrids.

Moreover, there is yet an unclear technical solution to be pursued for microgrids in the case of
high system stability threats, such as the case of inertia reduction in large power systems (due to
reduced rotational inertia capable to inject or absorb energy), which may bring instability and even
collapse during unbalance transients. The microgrids are facing, in most cases, zero rotational energy
source inertia, as they may include only grid-follower inverters. Therefore, their stability problem is
even worse in the case of emergency islanding from the main grid.

As a consequent drawback of these uncertainties, there is yet no “microgrid by design architecture”
in place, to be used for mediating large quantities of renewables and resilience or even immunity for
the grid end-users. The key vision of the paper is that the SST allows an asynchronous interconnection
between the bulk power system and the many small low voltage (LV) distribution networks.
This enables implementing local optimization strategies of the energy supply service while meeting the
requirements for relying more and more on clean energy production at the local level. The purpose of
this new approach is to achieve immune and resilient by design configurations that allow maximizing
the integration of Local Renewable Energy Resources (L-RES). The need for asynchronously coupled
microgrids requires a design that allows the LV system to operate independently from the bulk grid
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and rely on its own control systems. Therefore, all necessary design measures are to be taken, such
as generation-load balancing, local demand-response, local energy markets or other similar energy
services. Such a microgrid is not intended to have an installed generation capacity capable to fully
cover the load, and thus the power difference can be supplied from the bulk power systems through
the SST, which is the only point of connection of the microgrid to the bulk grid, based on an ex-ante
schedule. Moreover, today electronics are capable to address complex equipment such as, SSTs in
a more cost-effective way, thus allowing SST to become a standard equipment, which improves the
microgrids functionality, surpassing the classic transformer through functionalities, which are not
possible with traditional solutions, such as flexible coupling between the medium and the low voltage
networks, possibility to enable an additional DC grid by design and other advantages to be developed
in next section.

The main contributions of this work are summarized below:

1. Proposing a new architecture for interconnections between the main grid and the LV distribution
grids by eliminating the need for synchronicity and by obtaining microgrids by design (always
operating in island mode versus the main grid, which only injects a constant power in the
SST DC busbar); it is shown that the architecture brings resilience and immunity by design in
the microgrid;

2. Proposing suitable test cases for the evaluation of the proposed architecture in terms of microgrid
stability, in a situation with power electronics-only energy injection and no classical mechanical
inertia (no rotating machines to stabilize the grid); the test cases are also showing that the
microgrid has resilience and immunity, which is supported by the proposed design;

3. Showing with the selected test cases that in microgrids with power electronics only generation,
the microgrid stability is based on electrostatic energy in the capacitors behind the inverters. Thus,
a different stability principle applies compared with the classical main grid mechanical-inertia
dependent principle. This is the most important contribution, as in most of the studies one tries
to keep an acceptable mechanical or mechanical-simulated inertia within the grid, in order to
keep the frequency around the nominal value;

4. Summarizing the possible multiple roles of SSTs to ensure resilience, sustainability, adaptability
and expandability of the architecture in a smart grid vision with SST separated LV microgrids.

The rest of this paper is organized as follows. In Section 2, the description of the new architectures
based on SST enabled microgrids are presented. Section 3, describes the test-cases used for simulations,
while Section 4 details the simulations, interpret and discusses the results, while the conclusive remarks
are given in Section 5.

2. New Architectures Based on SST Connected Microgrids

Solid State Transformers (SSTs) or smart transformers are key technological enablers for several
types of applications, such as traction systems, distribution electricity networks, including microgrids,
storage deployment etc.). They have attracted significant attention during the last two decades,
especially due to needs related to the smooth integration of RES into the main power grid [34]. SSTs are
devices that use power electronics to ensure power flow from a voltage level (focus on MV) to another
voltage level (focus on low voltage) by using high frequency transformer (HFT) coupling (e.g., 5 kHz
to 50 kHz) instead of standard industrial frequency (50 or 60 Hz). Several topologies can be considered,
going from single stage to multi stage or considering, or not, the existence of an intermediate DC
bus. Being potentially highly modular, SST can be described using Power Electronics Building Blocks
(PEBBs) as described in Reference [34].

The idea of using SSTs as an interface between the MV grid and a microgrid based on local RES
generation is not new [35]. In Reference [36], one of the promoted features of this architecture was
related to control capabilities of the power flow exchange. However, the stability of the microgrid
under these architectures was not investigated.
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The most feasible SST topology is the three-stage configuration, where both MV and LV DC-links
available [37]. An adaptation of this type of architecture is presented in Figure 1.
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Figure 1. Solid state transformer design example.

Figure 1 shows that the HFT works between an MV DC bus and a LV DC bus, while the AC
grid compatibility is solved with rectifiers (one direction, as shown in Figure 1, or bidirectional in
general case, with the later not addressed in this paper) and three-phased inverters. The internal
graphical representation of the three blocks is generic. The most feasible SST topology is the three-stage
configuration, where both MV and LV DC-links available, and it can be implemented in different
ways (e.g., the rectifier can be a more complex Vienna rectifier) and with different topologies (e.g.,
HFT can be mono or with three phases etc.). Even if the arrow demonstrating the power flow is
monodirectional—which is a proposed situation which only allows the absorption of energy towards
LV—as a friendly approach in the business as usual frame (the “sponge” model), a general design
allows also bidirectional energy exchange. This particular SST architecture has, by nature, a MV DC
bus and a LV DC bus. By adding suitable internal connection and protection devices and making
available the DC buses, additional DC grids can be developed outside the SST, with minimal added
complexity inside it. This architecture is presented in Figure 2.

Energies 2018, 11, x FOR PEER REVIEW  5 of 19 

 

 

Figure 1. Solid state transformer design example. 

Figure 1 shows that the HFT works between an MV DC bus and a LV DC bus, while the AC grid 

compatibility is solved with rectifiers (one direction, as shown in Figure 1, or bidirectional in general 

case, with the later not addressed in this paper) and three-phased inverters. The internal graphical 

representation of the three blocks is generic. The most feasible SST topology is the three-stage 

configuration, where both MV and LV DC-links available, and it can be implemented in different 

ways (e.g., the rectifier can be a more complex Vienna rectifier) and with different topologies (e.g., 

HFT can be mono or with three phases etc.). Even if the arrow demonstrating the power flow is 

monodirectional—which is a proposed situation which only allows the absorption of energy towards 

LV—as a friendly approach in the business as usual frame (the “sponge” model), a general design 

allows also bidirectional energy exchange. This particular SST architecture has, by nature, a MV DC 

bus and a LV DC bus. By adding suitable internal connection and protection devices and making 

available the DC buses, additional DC grids can be developed outside the SST, with minimal added 

complexity inside it. This architecture is presented in Figure 2. 

 

Figure 2. Solid State Transformers (SST) enabling DC grids (medium and low voltage). 

Figure 2 shows that new DC grids can be deployed from an SST, starting from the internal DC 

buses (the one-way energy flow continues to be pursued, for keeping the business as usual 

consumption only power flow, for which the existing distribution grids have been designed). Thus, 

it provides the first steps in solving the “chicken-egg problem”, by making available both, the AC 

and the DC, connections on each voltage level. 

A third natural extension is the provision of storage means connected at one or at both DC buses, 

as it can be observed in Figure 3. 

Figure 2. Solid State Transformers (SST) enabling DC grids (medium and low voltage).

Figure 2 shows that new DC grids can be deployed from an SST, starting from the internal
DC buses (the one-way energy flow continues to be pursued, for keeping the business as usual
consumption only power flow, for which the existing distribution grids have been designed). Thus,
it provides the first steps in solving the “chicken-egg problem”, by making available both, the AC and
the DC, connections on each voltage level.

A third natural extension is the provision of storage means connected at one or at both DC buses,
as it can be observed in Figure 3.
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power flow.

Figure 3 depicts the potential to include storage connected at any of the two DC buses, however,
as microgrids are essential for achieving resilience and large-scale integration of geographically
distributed renewable energy sources, the first place for storage to be considered is at the LV side of
the DC bus.

The architecture described in Figure 3 does not use the low voltage DC grid (but stays as an
expandable feature). However, the microgrid can be supported by several features, which have been
pointed before as challenges, such as:

• The balancing between the microgrid consumption and locally connected production (renewable,
mainly PV) is now possible locally with the means of storage within the SST, acting as an
equilibrium node of the whole microgrid;

• The SST LV AC connection module can operate as grid forming device, thus giving the frequency
and the nominal voltage signals, while all other RES can act in the standard grid-following mode;

• Intense disturbances of the main grid cannot actually affect the microgrid, due to the SST
AC/DC/AC interconnection. Further, intense variations, voltage sag events, low power quality
in the main grid are smooth out by the SST and thus, the microgrid resilience and power quality
can be enhanced (and it is decoupled from the resilience/quality of the main grid)

• The connection with the main grid (MV network) becomes buffered, which can be translated into
flexible, predictable and even constant power flow, thus drastically reducing the uncertainty in
system operation (which may remain only on special cases), and asking for less ancillary services
while improving the stability in the main grid;

• The buffered energy in the SST (or associated with SST, as the battery can be physically outside
SST, but logically integrated), allows setting different degrees of resilience and even immunity,
as the microgrid may be able to supply energy to loads even in the case of main grid outages;

• Finally, the microgrid becomes an independent system by design, being able to operate as an
island (a system by itself, with its own balancing means and not depending on the main grid
synchronicity) or connected (through a back-to-back elastic connection).

An important aspect remains if SST could provide, besides being a microgrid former, the local
grid stability during unbalance transients, which is now missing in the traditional interconnection,
and which is provided by the main grid. Numerical simulations, presented in Section 4, show that
grid stability, based on mechanical inertia transformed in needed energy by decreasing or increasing
the rotation speed, thus the system frequency, is not anymore necessary in a fully inverter-based small
system. In the next chapter it is demonstrated that transient generation-load unbalance is covered
by the inertia coming from electrostatic energy in the SST capacitors, thus bridging the gap between
disturbance and the automated balance implemented by means, such as voltage source control or
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droop control. It shows that the main grid type of inertia is not a concern for microgrids and that these
can achieve a stable operation based on voltage recovery level, by combining both natural (immediate,
based on physics laws, as it is the mechanical inertia working in large grids) and artificial means.

The scenarios developed in the following Sections emphasize the value of power balancing in
the microgrid, addressing the system stability under unbalanced disturbances, and the ability of not
propagating disturbances from the main grid towards the microgrid and vice-versa.

3. Numerical Simulation Scenarios

Within this section we define meaningful design and operation scenarios to show the main
advantages for both the main (external) grid and the SST connected microgrid. Simulation cases based
on these scenarios will be then tested and discussed in the next section.

For the implementation of the simulation cases several control systems were employed, namely
for the inverter of the smart-transformer, for the DC/DC converter of the storage system and for the
inverter of the PV system. The smart-transformer inverter is controlled by means of a sliding mode
controller associated with a voltage vectorial modulator (Figure 4a). This controller was implemented
with the purpose to control the voltages (Vcf 123) of the LC filter capacitors (grid voltage). For the
battery system, a cascade control was used, as shown in Figure 4c. Since the battery is used to keep
the direct voltage stable, a PI regulator associated with this voltage (VCo) was used for the outer loop,
whereas for the inner loop a hysteretic controller was used. The inverter of the PV system is also
controlled by a cascaded system (Figure 4b). However, in this model, a voltage (PI type) controller
was employed within the outer loop (to maintain the direct voltage of the inverter stable around
its reference value), and a current controller (hysteretic type) was used in the inner loop (to inject
three-phase currents in phase with the grid voltages).
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As the DSOs and the TSO need planning and predictable operation when connecting prosumers
and microgrids, there are needs for new models and operation features when promoting MG
architectures. To help mitigating this situation, model considerations and desired operation features of
the promoted microgrid (MG) architectures are summarized below:

• The profile of the power absorbed by the microgrid from the main grid shall be either set and
known in advance (contractually bind) or schedulable. Therefore, in the proposed scenarios,
we assume a constant power injection from the DSO towards the microgrid (Pgrid = constant).

• Microgrid operation is set to “island operation mode”. In other words, as long as the grid provides
only scheduled power/energy, the real-time balancing of the MG is performed internally. Thus,
the real-time power control remains essential and can to be done by means of one or more of the
following resources:

# storage units (e.g., battery) injects/absorbs power through the DC bus of the SST depending
on the balancing needs of the SST (∆P);

# LV inverter of the SST acts as grid former, which means that it provides the frequency signal
and sets the operation point for the battery;

# in order to allow powers balancing, co-participation of PVs in the microgrid, in addition to
its power modulation, the grid former can alter the frequency in a band centered on the
nominal value (50 Hz) to allow primary control, in response to what the PVs can provide
in real-time; note that all PVs operate in droop control mode. Therefore, frequency is only
an information signal to show that a balancing reaction from the grid followers is needed
(not anymore a physical consequence of unbalance, as it is in the main systems driven by
large rotating machines), information that is easy to be spread over the whole microgrid
through the same wires used for transmitting power.

The basic configuration of the SST, interfacing asynchronously (with back-to-back interconnection)
the microgrid with the bulk power system, is presented in Figure 5.
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Figure 5. The basic configuration of the proposed SST.

Two use-case scenarios are defined based on the above-mentioned assumptions.

Use case 1. A power unbalance occurs inside the microgrid, caused by the variation of local generation (PVs)
and/or by the microgrid load. The balancing is provided by the SST through the battery and the capacitor
connected to the SST LV busbar, while the set point of the power exchanged between the microgrid and the DSO
remains unchanged.

Use case 2. A disturbance is assumed to occur on the DSO side, which affects the power exchanged between
DSO and MG. The internal balancing mechanism of the MG provides the necessary balancing by using the
same mechanisms, i.e., battery/storage plus distributed droop control. This case is assumed in our simulations
as a sudden decrease in the power provided by the grid (DSO), i.e., 10 kW or ~25% of the requested/scheduled
power, or even complete loss of power due to a DSO grid short interruption or due to a blackout. Such a short
interruption is considered in use case 2.

Figure 6 shows the sequence of events simulated to test the propose the microgrid interconnection
solution in both use-cases.
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Figure 6. The simulated sequence of events.

The unbalance simulated in the first use-case is performed by connecting then disconnecting
a load (PLoad) at the time instants T1LOAD and T2LOAD, whereas in the second use-case the DSO
disturbance is simulated by disconnecting then reconnecting the link with the DSO grid at the time
instants T3GRID and T4GRID.
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4. Simulations and Results

The purpose of this section is to show, by numerical simulations, the effectiveness of the SST-based
microgrid interfacing proposed solution, as well as the win-win outcomes for both the microgrid actors
and the DSO. A simple microgrid scheme, together with a SST/inverter configuration, was simulated
in Matlab/Simulink (Figure 7). The main variables are also illustrated in the figure.
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Figure 7. The one-line diagram of the SST interfaced microgrid.

The operation of the storage unit is coordinated through an SST that plays the role of an energy
router both internally (within the MG infrastructure) and externally (between the DSO and the MG).
The interplay between SST and the storage unit is intended to supply the necessary power/energy
to compensate any type of perturbation coming from inside the MG or external (e.g., coming from
perturbations/fault propagations taking place upstream of the DSO).

Due to the complexity of the studied network, accurate simplified models were considered for
the AC main grid, as well as for rectifier and DC/DC High Frequency Transformer inside the SST.
Those components were modelled through a controlled DC current source, controlled in power mode
which is the way that the smart-transformer is normally controlled. The remaining components of the
smart-transformer were simulated in a more detailed way. This will allow for the study the dynamic
behavior of the smart-transformer when there are perturbations on the main grid side and how to
react in order to maintain the secondary side stable (microgrid side).

The SST has been modeled by the following components:

• The SST DC bus and its associated capacitor;
• The DSO grid is modeled as a constant power source with PSYS = 35 kW, except the time interval

[0.5s, 0.6s] when the loss the connection of the MG with main power system is simulated. PSYS is
simulated as a power injection from the isolation stage of SST in the low voltage DC bus bar of
SST, as per Figure 7;

• One storage system (it can be also seen as a virtual aggregation of several storage units)
connected to the SST DC bus through a DC/DC converter. The storage system is represented
by a standard battery (model provided by the Simulink library), connected to the DC/DC
converter. For the DC/DC converter, the classical bidirectional Buck/Boost converter was
used [38]. The battery is also used to control the inner DC bus voltage, for which a PI controller was
used. The time-response of the PI controller is defined by its variables kp and ki. The parameters
of the battery are 725 V and 60 Ah;

• An IGBT three-phase voltage source bridge inverter;
• An LC low-pass filter, with LFlt = 5 mH (series) and CFlt = 10 µF (parallel), is employed on the AC

side of the inverter to filter out higher frequency harmonics produced by the inverter.
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The storage system is emulated with its internal capacitance and the time-response variables of
its corresponding control system.

The scenarios are defined focusing on the DC bus capacitor and the parameters of the storage
system PI controller. They are the most representative components of the simulated model in order to
emphasize the model dynamics. Therefore, two scenarios are identified:

(a) The capacitor on the SST DC bus is CDC_BUS = 10 mF, and the parameters of the
proportional-integral (PI) controller associated with the storage system are kp = 2 and ki = 10,
respectively (these are corresponding to a relatively fast response to disturbances).

(b) The capacitor connected to the SST DC bus is much lower (CBAT = 1 mF), while the parameters
of its PI controller are also slower (kp = 0.5 and ki = 0.5, respectively).

The microgrid components are:

• Electrical lines: Line 1 (Ln1) has RLn1 = 0.4 Ω, LLn1 = 50 µH, Line 2 (Ln2) has RLn2 = 0.3 Ω,
LLn2 = 50 µ H, Line 3 (Ln3) has RLn3 = 0.5 Ω, LLn3 = 50 µ H.

• Loads: Load 1 has P1 = 3 × 2500 W, Q1 = 3 × 2000 var at nominal voltage U = 230 V AC; Load
2 has R2 = 50 Ω, L2 = 1 mH on each phase; Load 3 has P3 = 3 × 3000 W, Q3 = 3 × 2000 var at
nominal voltage U = 230 V AC.

• PV generation unit: It is connected in node 2, in parallel with load 2 and is generating a constant
power of 3 × 1500 = 4500 W. Its characteristics have been extrapolated from a real PV system
consisting of a set of Sunmodule Plus SW 300 mono PV panels [39] with a total power under STC
conditions of 24.2 kW. The PV unit is connected to the microgrid via a classical three-phase inverter.
This PV system was implemented in Matlab/Simulink trough the Simscape toolbox elements.

As presented above, the scenarios are defined with two different dimensioning and
parameterizations in the SST (CDC_BUS and controller parameters), in order to show their importance in
maintaining the microgrid stability in the case of the most severe perturbations, i.e., power unbalance
inside the microgrid (use-case 1) and loss or power supply from the main grid outage (short term or
blackouts as use-case 2). Note that this work does not focus also on short-circuit type disturbances
because they need a more detailed analysis of the microgrid architecture and protection solutions.
The scenarios capture the capability of the microgrid to achieve immunity and resilience against system
disturbances and blackouts.

Scenario 1: Use-cases 1 and 2 are tested with a favorable dynamic inside the SST, as both grid former
and controller for the microgrid: A normal capacitor connected to the SST DC bus (C DC_BUS = 10 mF)
and fast response of the SST DC bus controller (kp = 2 and ki = 10 for the PI controller).

The following sequence of events for the two use-cases is considered: (i) at time instant t = 0.2 s,
Load3 (3 × (3 kW + j 2 kvar)) is connected; then, at time instant t = 0.4 s, Load3 is disconnected; (ii)
at time instant t = 0.5 s the power supply from the main grid is lost (PSYS = 0,), then at time instant
t = 0.6 s the grid supply is restored to the scheduled value (PSYS = 35 kW). The results of this simulation
are presented in Figure 8a–d.

As mentioned before, the power supplied by the main grid is maintained constant, and equal to
a scheduled value. After the first perturbation (T1LOAD = 0.2 s), the power required by the loads is
higher (a new load is connected, Load3). When the second perturbation occurs (T3GRID = 0.5 s), the
power supplied by the grid is completely lost (unscheduled perturbance at the grid side, see Figure 7b).
In both cases the battery will provide all the needed energy (instant power) required by the microgrid,
with minimum or no intervention in load reduction.

Analyzing the AC currents injected by the SST (see Figure 8c), we can see that there is only a
slight change in the amplitude of the load currents, which shows that in the case of a grid outage, the
microgrid is capable of maintaining its normal operation and to ensure the power balancing without
any need for load shedding (the current amplitude remains almost unchanged because the battery
provides the required support).
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Figure 8. Simulations results in Scenario 1. (a) DC bus voltage in the SST; (b) Current injected from
the main grid in the DC bus of the SST; (c) The output currents of the SST (ISST), injected into the
microgrid; (d) Active power evolution in different parts of the AC microgrid.

Figure 8d illustrates the power flows in different sections of the microgrid. It can be seen that
between T3GRID = 0.5 s and T4GRID = 0.6 s there is no observable power flow difference, as SST is
taking the role to cover the missing PSYS during this outage, showing immunity during the period
when the main grid is lost.

Scenario 2: Use-cases 1 and 2 are tested with a smaller capacitance connected to the SST DC bus
(CDC_BUS = 1 mF) and fast response of the PI controller (kp = 0.5 and ki = 0.5, respectively).

This test case is similar to the previous one with the only exception that the capacitance of the
storage unit is ten times smaller. The results are presented in Figure 9a–d.
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Figure 9. Simulation results in Scenario 2. (a) DC bus voltage in the SST; (b) Current injected from
the main grid in the DC bus of the SST; (c) Output currents of the SST (ISST), towards the microgrid
(real-time values); (d) Active power evolution in different parts of the AC microgrid.
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As it can be noticed, the results of this use-case look pretty much the same as in the previous case.
These simulations show also the high level of immunity inherited by the microgrid within the proposed
solution. The microgrid achieves stable operation after transient disturbances. The difference from
Scenario 1 consists is in the inertia of the system based on the energy in the SST capacitor, influencing
the amplitude transients of DC voltage on the SST capacitor following the perturbations, which is
higher (as expected, since the capacity of the capacitor is smaller). To emphasize the difference between
the two scenarios, the voltage resulted on the DC bus of the SST is shown in Figure 10. The blue zone
is the DC voltage variation resulted from the disturbance caused by Load3, whereas the yellow zone is
the DC voltage variation resulted from the loss of the main grid supply.
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In this figure it can be seen that in Scenario 1, besides the time delay due to storage response,
there is also a time delay from the physical part of the power converter that is much faster than the
one caused by the controller of the storage. In fact, when there is a sudden change in the reference
the rate-of-change-of-current is limited by the inductor inside the storage device. Note that the power
converter used for the simulations in this study consists of an inductor and two switches (the classical
bidirectional buck-boost converter was used for operating the charging and discharging of the storage
device). During that transition, the capacitor connected on the SST DC bus is the component that must
support the disturbance, while keeping an acceptable voltage variation until the storage unit control
becomes effective. However, since the energy that is stored in this capacitor connected to the SST DC
bus is small, then the voltage in the DC bus decreases slightly, as shown in Figure 9 with the blue line
voltage evolution.

In the case of Scenario 2, the perturbation at SST DC bus level is higher. Therefore, it is easier to see
the limitation effect of the grows in the rate of current. When there is a sudden transition, the battery
current does not follow the reference, since its rate of growth is limited by the inductor, which affects
more the voltage level on the SST DC bus. However, for the studied use-cases, the microgrid operation
remains stable, showing the SST, as microgrid former, keeps well the microgrid stability during
the disturbances.

5. Conclusions

The paper proposes an analysis, from the point of view of stability, of microgrid operation in the
case of grid-connection via SST, which can be seen as an essential enabler of microgrids-by-design.
This solution allows by design, the accommodation of large quantities of distributed renewables
production, the friendly connection to the main grid (predictability and no disturbance propagation in
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both directions), while enhancing the resilience or even reaching immunity for the end-users supplied
by the respective microgrid.

The advantages have been analyzed with two test scenarios, each with two types of disturbances
in the microgrid—one considering the sudden connection of a load, and another one introduced by
the sudden loss of a constant power supplied from the main grid. The simulations were performed
in Matlab/Simulink version R2017b. A simplified microgrid was assumed, with only three loads
(two modelled as constant real power P and modelled as constant impedance Z) and one PV plant
assumed to produce constant power (PPV = ct.), all connected to a low voltage line, as depicted in
Figure 7. The microgrid is connected to the bulk power system through an SST, consisting of the
grid-connected inverter and the DC bus where the capacitor is connected, and the battery based storage
system. The control of the SST output was also considered, namely through a cascaded controller
in which the AC voltages (filter capacitors) and AC currents (inductor of the filter) are controlled.
A controller for the PV system was also considered. In this case was again adopted a cascade structure,
but what is controlled is the DC voltage of the inverter and their AC currents. The bulk power system
is modeled as a power source that supplies a constant P to the DC bus-bar. Future work will consider
more complex situations—requiring eventually for further elaboration of algorithms; however, the
proof of concept has been demonstrated with the simplified grid. Moreover, future work will consider
microgrid stabilization in wider time frames (minutes, hours or more), as being related to the battery
and PV (microgrid local production) resources size in the microgrid.

The results of the numerical simulations consider a Decentralized Energy Supply System based
on the SST connected microgrid which becomes immune and resilient towards power supply short
failures and for blackouts. The simulation shows the level of resilience of the microgrid in this situation
and the capacity to remain stable without mechanical inertia, but based on the electrostatic energy in
capacitors behind the inverters, acting as system inertia to absorb the unbalance between loads and
production. One important lesson is that the role of the mechanical inertia in the main grids is taken in
the full inverter-based microgrid by the energy in the capacitors on the DC busbar behind the inverters,
especially from the SST as grid former, and that the dimension of this capacitor needs to be chosen in
order to cope with the disturbance level. In the studied microgrids, there is no frequency dependency
for the grid stability, but only voltage control in the DC bus-bars of the injection points (SST and PVs
injecting power in the microgrid used in our test cases), which allows to keep stability during the
transients based on the released energy from the capacitors on the DC bus-bars behind the inverters.
The two scenarios show that bigger capacitors give better stability of DC busbar voltage and of the
microgrid, while smaller capacitors are still able to maintain stability against disturbances, even if the
DC busbar voltage has a higher variation. We extend the simulation case studies: To address some
variations regarding the PV generation, and also to examine how some disturbances for the grid side
are observed in the microgrid side. In that way, we can claim that the main transient events that can
occur in the daily operation of the microgrid have been adequately examined. These critical transient
events are not a problem considering a wider time frame because in this case the stability of the system
is only dependent on the battery and PV size.

Future work will expand the idea on the applicability and efficacity of shared resources for ad-hoc
formed clusters of sub-microgrids connected physically or by cyber connection links. Moreover, more
complex use-cases in terms of microgrid complexity and with more types of disturbances will be
further analyzed, also by using new methods of enhancing its real-time balancing and stability.
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